The genus Avena L. (Poaceae) comprises a polyploid series of diploid, tetraploid and hexaploid species with a basic chromosome number of seven. Four genomes (A, B, C and D) have been identified based on comparative karyotyping (Rajhathy and Thomas 1974) . The genomic in situ hybridization (GISH) technique using A. eriantha's (CC) total DNA probe has been found to be very useful for distinguishing the C genome from the A/B/D genomes (Chen and Armstrong 1994). Hayasaki et al. (2000) reported that intergenomic translocations between the C and the other genomes were more frequent in hexaploid (AACCDD) than in tetraploid (AACC) species of oats. Fluorescence in situ hybridization (FISH) and RFLP of 18S-5.8S-26S rDNA enabled to clearly detect intraspecific chromosome variations in a wild tetraploid oat and rDNA was considered to be a suitable chromosome landmark (Hayasaki et al. 2001) . reported that the presence and absence of intergenomic translocations between 7C and 17A/D chromosomes in hexaploid species determined A. sativa and A. byzantina, respectively. Therefore, it is possible to consider that the genomic constitution of polyploid oats had been changed through evolutionary polyploidization and hybridization. Especially, the C genome chromosomes of polyploid oats have probably tended to be transferred to the chromosomes of other genomes.
The genus Avena L. (Poaceae) comprises a polyploid series of diploid, tetraploid and hexaploid species with a basic chromosome number of seven. Four genomes (A, B, C and D) have been identified based on comparative karyotyping (Rajhathy and Thomas 1974) . The genomic in situ hybridization (GISH) technique using A. eriantha's (CC) total DNA probe has been found to be very useful for distinguishing the C genome from the A/B/D genomes (Chen and Armstrong 1994) . Hayasaki et al. (2000) reported that intergenomic translocations between the C and the other genomes were more frequent in hexaploid (AACCDD) than in tetraploid (AACC) species of oats. Fluorescence in situ hybridization (FISH) and RFLP of 18S-5.8S-26S rDNA enabled to clearly detect intraspecific chromosome variations in a wild tetraploid oat and rDNA was considered to be a suitable chromosome landmark (Hayasaki et al. 2001) . reported that the presence and absence of intergenomic translocations between 7C and 17A/D chromosomes in hexaploid species determined A. sativa and A. byzantina, respectively. Therefore, it is possible to consider that the genomic constitution of polyploid oats had been changed through evolutionary polyploidization and hybridization. Especially, the C genome chromosomes of polyploid oats have probably tended to be transferred to the chromosomes of other genomes.
Intergenomic translocations have been induced by chemical mutagens and radiation, and have played an important role in the genetics and breeding of several crop species (Lai and Srinivasachar 1979) . In addition, colchicine has been extensively used for doubling the number of chromosomes of interspecific hybrids to obtain amphiploids. Consequently, we attempted to produce synthetic hexaploid and octoploid oats by doubling the number of chromosomes of interspecific hybrids, and to trace the behavior of the C genome chromosomes through artificial polyploidization.
In the present paper, we reported the identification of C genome rearrangements in synthetic oats by GISH. FISH of 18S-5.8S-26S rDNA used as a probe was applied for detecting the satellite (SAT) chromosome carrying an intergenomic translocation segment. Evolutionary occurrence of intergenomic translocations in allopolyploid formation was also briefly discussed.
Four combinations of interspecific crosses were made between A. strigosa (2n = 2x = 14; AsAs) or A. barbata (2n = 4x = 28; AABB) as a female parent and A. maroccana or A. murphyi (2n = 4x = 28; AACC) as a male parent. The reverse crosses were difficult to make due to the small size of the anthers and the occurrence of anthesis at midnight in the former species. The two F 1 hybrids using A. maroccana were abbreviated as F 1 str-mar and F 1 bar-mar, and the other two using A. murphyi were abbreviated as F 1 str-mur and F 1 bar-mur. These F 1 plants were treated with a 0.1% colchicine solution including 1% DMSO (dimethyl sulfoxide) and a few drops of Tween 20. The treatment was made by submerging the crown of the F 1 plants for 24 hrs to obtain chromosome doubling. After being washed with deionized water, the treated plants were transplanted to pots filled with a mixture of vermiculite and field soil. The first generation plants (C 0 ) treated with colchicine were grown in a glass house and were self-pollinated to obtain the next generation seeds (C 1 ). The C 1 plant populations were expected to include hexaploids and octoploids and were abbreviated as C 1 str-mar and C 1 str-mur, and C 1 bar-mar and C 1 bar-mur, respectively. Constitution of the C genome was examined by GISH and the number of rDNA sites was counted by FISH in the synthetic oats.
Chromosome preparations were obtained by a modification of the method of Matsuda and Kishigami (1981) . Root tips were pretreated with cold water (0°C) for 24 hrs, fixed in Farmer's fixative (ethanol : acetic acid = 3 : 1) for more than 12 hrs at 4°C and then dehydrated through decreasing ethanol series. The root tips were then digested in a mixture of 0.5% Pectolyase Y-23 (Kikkoman, Chiba, Japan) and 0.5% Cellulase "ONOZUKA" RS (Yakult, Tokyo, Japan) for 90 min at 37°C. Meristematic regions of the root tips were spread on a glass slide in a few drops of Farmer's fixative and then air-dried. For the GISH probe, total genomic DNAs were isolated from A. eriantha (CC), and for the FISH probe, rDNA (18S-5.8S-26S) was obtained from pTA71 plasmid DNA (Gerlach and Bedbrook 1979) .
The GISH and FISH procedures were carried out by a modification of the methods of Mukai et al. (1993b) and Schwarzacher et al. (1989) . The probe DNA was labeled by nick translation with biotin-14-dATP using the BioNick Labeling System (GIBCO/BRL, Gaithersburg, USA). Blocking DNA was not used. After hybridization, the signals were detected by using fluorochrome fluorescein isothiocyanated (FITC) avidin and biotinylated anti-avidin-D. The slides were counterstained with propidium iodide (PI) and observed under a Nikon fluorescence microscope. Photographs were taken using Kodak Ektachrome ASA400 color slide films.
Breeding behavior of amphiploids
Crossability of the four interspecific cross combinations, seed setting of the C 0 plants and germination rates of the C 1 seeds are shown in Table 1 . The crossability of A. maroccana as a male parent was relatively higher than that of A. murphyi. Since all the F 1 hybrids were completely sterile, C 0 fertile tillers were considered to include amphiploid seeds. Seed set values of the C 0 plants were 3.5% (C 0 str-mar), 8.9% (C 0 bar-mar), 0.5% (C 0 str-mur) and 0.0% (C 0 bar-mur). Three types of C 1 seeds except for C 0 bar-mur were obtained. The germination rates of the C 1 str-mar, C 1 bar-mar and C 1 str-mur seeds were 62.7%, 67.5% and 50.0%, respectively.
The number of amphiploids and aneuploids obtained in the C 1 generation is shown in Table 2 . Chromosome numbers of the C 1 plants were counted by using primary root tips of the germinated C 1 seeds. Most of the C 1 str-mar (84.0%) and all the C 1 str-mur (100%) plants were normal amphiploids with the expected hexaploid chromosome number (2n = 42), while only half of the C 1 bar-mar plants (44.4%) displayed a doubled chromosome number, namely the expected octoploid chromosome number (2n = 56). The average frequency of amphiploids in the C 1 generation was 75.7%. Aneuploid C 1 str-mar-3 (2n-1) and C 1 bar-mar-2 (2n-2) plants, with a deficiency of the A or B genome chromosomes were also observed (Table 3 ). The frequency of aneuploids in the C 1 bar-mar (55.6%) plants was higher than that in the C 1 str-mar (16.0%) and C 1 str-mur (0%) plants. These aneuploid plants were highly sterile and did not produce the next generation.
Intergenomic translocations of C 1 plants
The GISH technique was used to detect the C genome chromosomes and intergenomic translocations between the C and A, As, or B genomes in the C 1 str-mar, C 1 bar-mar and C 1 str-mur plants. Labeled total genomic DNA from A. eriantha hybridized with fourteen C genome chromosomes that originated from A. maroccana (Fig. 1A, C) and A. murphyi in the C 1 plants. We observed more than ten good figures of nuclear plates at metaphase for identifying the genomic constitution of each C 1 plant. A single C to A translocation was gained de novo in the two plants, C 1 strmar-1 and C 1 bar-mar-1 (Fig. 1A, C) . All the C 1 str-mur plants constantly retained the expected numbers of eight C to A and six A to C intergenomic translocations, the same number as that in the A. murphyi parent. The single C genome translocation segment in the C 1 str-mar-1 or C 1 barmar-1 plants was located in the terminal region of the long arm of the A, As or B genome chromosomes (Fig. 1A, C) . In the C 1 str-mar-1 plant, the translocation segment (Fig. 1A , arrowhead) could be located because it was relatively larger than that of the eight parental types. The single C genome translocation was also present on the long arm of the A or B genome chromosomes in the C 1 bar-mar-1 plant. In this case, it was possible to detect the novel translocation of the chromosome, but it was impossible to locate it because the segment size and position were very similar to those of the parental type. The fertility of the two plants with the novel C genome translocation was sufficient to produce the next generation. Number of 18S-5.8S-26S rDNA sites in C 1 plants The FISH technique was used to detect 18S-5.8S-26S rDNA sites in the synthetic oats and their parents. Labeled 18S-5.8S-26S rDNA was hybridized with the SAT chromosomes carrying nucleolar organizing regions (NORs). The three parental species, A. strigosa, A. maroccana and A. barbata exhibited four, four and eight major 18S-5.8S-26S rDNA sites, respectively. Those sites corresponded to the secondary constriction of SAT chromosomes. The translocation types, C 1 str-mar-1 and C 1 bar-mar-1, carried eight (Fig. 1B) and twelve sites (Fig. 1D) , respectively. The total number of rDNA sites observed was equivalent to the sum of parental sites. However, the C 1 str-mar-2 plant had only seven SAT sites, and a site in the C genome was likely to have been lost during the chromosome doubling process (Table 3 , not shown in figure) . It was possible to detect the speciesspecific NOR sites of the C 1 bar-mar plants because the NOR size from A. barbata was relatively smaller than that from A. maroccana (Fig. 1D) .
Gain of translocation, loss of SAT and maintenance of the C genome in the expected amphiploids are summarized in Table 3 . All the C 1 str-mar and C 1 bar-mar plants retained the expected numbers of eight C to A and two A to C intergenomic translocations, in which two pairs of the SAT chromosomes of A. maroccana were involved. The number of expected translocations was the same as that in the A. maroccana parent. However, the C 1 str-mar-1 and C 1 barmar-1 plants showed nine C to A and two A to C intergenomic translocations. Synthetic hexaploid (C 1 str-mar) and octoploid (C 1 bar-mar) oats were produced through doubling of the chromosome number of the interspecific hybrids among which, the novel C genome translocations were found. One of the expected NOR sites was also absent in the C 1 str-mar-2 plant, but not in the C 1 str-mur and C 1 bar-mar plants. We detected two cases of C genome translocation in the two amphiploids, C 1 str-mar (Fig. 1A) and C 1 bar-mar (Fig. 1C) . Both amphiploids often included several sterile aneuploids, in which hypoploids resulted from the loss of the A or B genomes and hyperploids from the gain of the C genome chromosome. In the two plants with translocation, the complements consisted of euploid chromosome numbers (2n = 6x = 42 and 2n = 8x = 56), the sum of parental rDNA sites was maintained, and the number of single C genome translocations in the terminal region of the long arm of the A or B genome satellite chromosomes increased. Moreover, the fertility of the plants was sufficient to produce the next generation. The novel C genome translocation segment was relatively larger than that of the original parental type in the C 1 str-mar plants (Fig. 1A indicated by an arrowhead) . These results suggested that the novel C genome translocation of the chromosome was gained in a similar manner to that of the parental rearrangement.
In general, many synthetic polyploid oats with various morphological characteristics and chromosome constitutions have been produced by interspecific hybridization. Ladizinsky (1995) produced the tetraploid A. magna (synonym for A. maroccana) carrying the domestication syndrome characters from hexaploid A. sativa through the doubling of the chromosome number of the interspecific hybrids. The domestication syndrome was successively transferred from the common oat to the wild tetraploid oats with chromosome translocation. Ladizinsky (2000) also produced the cultivated synthetic hexaploid oat from the cross of A. strigosa cv. 'Saia' and the domesticated A. magna. identified a knob in the telomere of chromosome 5CL that co-segregated with alleles conferring wild traits in a second backcrossed and then selfed generation (BC 2 F 2 ) of the domesticated A. magna. Therefore, it is likely that the C genome played an important role in the domestication of wild oats via hybridization. reported that in the cultivated hexaploid oats, 97% of common oat (A. sativa) displayed an intergenomic translocation between 7C and 17A/D chromosomes, while only 11% of red oat (A. byzantina) showed the translocation. This report supports the assumption that translocations probably represent a major genomic divergence mechanism in allopolyploid oat evolution. All the A genome SAT chromosomes in tetraploid oats carried the C genome translocation segments in the terminal region of the long arm chromosomes. This may explain why the novel C genome translocation of the C 1 str-mar-1 plant is considered to occur in the terminal region of the long arm of the As genome SAT chromosome that originated from A. strigosa. Both pairs of SAT chromosomes of A. strigosa exhibited prominent telomeric heterochromatin blocks located on their long arms (Fominaya et al. 1988a ). The C genome chromosomes of A. maroccana, however, showed heterochromatin-rich regions spread over the chromosomes (Fominaya et al. 1988b) . Chromosome breakage was considered to occur frequently in heterochromatic regions throughout the C genome chromosomes of A. maroccana, which might result in fusion in the terminal heterochromatic regions of the As genome chromosomes of A. strigosa. Mukai et al. (1993a) reported that all the radiation-induced wheat-alien transfers identified so far are corresponded to terminal chromosome translocations. The molecular organization of the long arms of the SAT chromosomes has not yet been elucidated.
The production of C 1 bar-mur plants was not successful, and the number of the C 1 str-mur plants was not sufficient to analyze chromosome rearrangements precisely. Many C 0 plants derived from A. murphyi apparently did not tolerate the colchicine treatment. Variation in the chromosome number was observed in the C 1 str-mar and C 1 bar-mar plants but not in C 1 str-mur plants. This suggests that the C 1 str-mar and C 1 bar-mar plants showed an interspecific difference in the sensitivity to the colchicine treatment. However, this phenomenon could not be observed in the C 1 strmur plants due to the small number of plants examined. Pasakinskiene et al. (1997) reported that somatic recombination occurred in amphidiploids treated with colchicine during the diploidization process in Lolium multiflorum × Festuca arundinacea. Wilkinson et al. (1995) observed that somatic translocation was not rare during dihaploid induction of potato. A part of the C genome unilaterally translocated to the other genomes without a loss of the C genome chromosomes in synthetic polyploid oats. The previous reports and our results indicated that colchicine may have induced the break points in terminal regions of the chromosomes. On the other hand, the constancy of the rDNA sites has been reported in polyploid plants. In the colchicine-doubled tetraploid raspberry, there were four rDNA sites and one appeared larger than the others. The same result was obtained in the natural allotetraploid, which showed four sites (Lim et al. 1998) . The duplicated 5S rDNA sites tended to have been eliminated, whereas those of 18S-5.5S-26S rDNA appeared to have been conserved in Sanguisorba (Mishima et al. 2002) .
It is necessary to confirm that the genomic composition of hybrids is identical to that predicted and to determine whether there are any structural rearrangements or karyotype changes in the hybrid breeding materials. Shishido et al. (1998) reported that intergenomic insertion and translocation frequently occurred in rice somatic hybrids with the A, B and C genomes, based on multi-color genomic in situ hybridization. The A genome of rice was never eliminated from the nucleus, while a loss of B genome chromosomes was frequently observed. Pontes et al. (2004) reported that chromosomal locus rearrangements represented a rapid response to the formation of the allotetraploid Arabidopsis suecica genome. Pairs of A. arenosa 5S genes were lost and novel linkages between 5S loci and NORs arose in synthetic allotetraploids. By contrast, the expected numbers of A. arenosa-derived NORs and A. thaliana-derived 5S loci were found in both natural and synthetic A. suecica. Some loci were unstable in newly formed A. suecica allotetraploids. The intergenomic translocation of oats occurred exclusively from the C to A or B genomes in the present study. The C genome of oats was never eliminated from the nucleus, while a loss of A or B genome segments was observed. The C genome translocations might be useful for transferring important genes in terminal regions of the chromosomes from the wild C genome tetraploid to the cultivated oats. It is concluded that the loss or gain of genome segments in the nucleus of hyperploids is genome-specific. Rajhathy and Thomas (1974) reported that translocations represented probably a major genomic divergence mechanism in allopolyploid oat evolution. Diploid-like pairing and disomic mode of inheritance in all the polyploid oat species were reported by Thomas (1992) . We obtained the evidence that the C genome chromosomes varied and that each genome gradually lost its specificity. A disomic mode of inheritance in polyploid oats could conceivably be attributed to a large number of intergenomic translocations as well as the expression of genes restricting pairing to homologues. In tetraploid and hexaploid species, intergenomic translocations naturally occurred and their number increased through polyploidization (Hayasaki et al. 2000) . The induced translocations occurred from the C to A or B genome types and the frequency was positively correlated with the ploidy levels. Our results suggested that the characteristics of the unilateral C genome translocation were the same as those that had occurred in the parental species. The intergenomic translocations of the C genome are inducible during the production of synthetic polyploid oats, and hybridization in the advanced generations, for instance C 2 or the first backcrossed generation (BC 1 ) is likely to induce a much larger number of the C genomic translocations.
Future studies should be focused on the segregation of the translocation heterozygotes in the selfed and backcrossed generations of the synthetic hexaploid and octoploid oats, and also on the C genome translocation of the synthetic tetraploid (AsAsCC) from the cross between A. strigosa and A. eriantha diploid species.
